A dysregulation of the mesolimbic dopamine system in schizophrenia patients may lead to aberrant attribution of incentive salience and contribute to the emergence of psychopathological symptoms like delusions. The dopaminergic signal has been conceptualized to represent a prediction error that indicates the difference between received and predicted reward. The incentive salience hypothesis states that dopamine mediates the attribution of ''incentive salience'' to conditioned cues that predict reward. This hypothesis was initially applied in the context of drug addiction and then transferred to schizophrenic psychosis. It was hypothesized that increased firing (chaotic or stress associated) of dopaminergic neurons in the striatum of schizophrenia patients attributes incentive salience to otherwise irrelevant stimuli. Here, we review recent neuroimaging studies directly addressing this hypothesis. They suggest that neuronal functions associated with dopaminergic signaling, such as the attribution of salience to reward-predicting stimuli and the computation of prediction errors, are indeed altered in schizophrenia patients and that this impairment appears to contribute to delusion formation.
A dysregulation of the mesolimbic dopamine system in schizophrenia patients may lead to aberrant attribution of incentive salience and contribute to the emergence of psychopathological symptoms like delusions. The dopaminergic signal has been conceptualized to represent a prediction error that indicates the difference between received and predicted reward. The incentive salience hypothesis states that dopamine mediates the attribution of ''incentive salience'' to conditioned cues that predict reward. This hypothesis was initially applied in the context of drug addiction and then transferred to schizophrenic psychosis. It was hypothesized that increased firing (chaotic or stress associated) of dopaminergic neurons in the striatum of schizophrenia patients attributes incentive salience to otherwise irrelevant stimuli. Here, we review recent neuroimaging studies directly addressing this hypothesis. They suggest that neuronal functions associated with dopaminergic signaling, such as the attribution of salience to reward-predicting stimuli and the computation of prediction errors, are indeed altered in schizophrenia patients and that this impairment appears to contribute to delusion formation.
Key words: psychosis/delusion/reward/ventral striatum/ fMRI/FDOPA It has long been suggested that dopamine dysfunction plays a major role in the pathogenesis of schizophrenic psychosis. 1 First studies with positron emission tomography (PET) suggested that dopamine D2 receptors are indeed upregulated in schizophrenia patients 2 ; however, this finding was not confirmed in further studies. 3 Also, studies on dopamine D2 receptor genotype failed to find an association between functional variance and schizophrenia. 4 It was not until 1996 that in vivo imaging studies first found convincing evidence of dopamine dysregulation in acute psychosis: Laruelle et al 5 and Breier et al 6 used the fact that radioligands, such as raclopride, are displaced by endogenous dopamine due to competition for binding at dopamine D2 receptors ( figure 1 and figure 2 ). They applied psychostimulants to release dopamine and observed increased displacement of dopamine D2 receptor ligands in unmedicated schizophrenia patients compared with healthy controls, suggesting that the pool of releasable dopamine is increased in patients suffering from schizophrenic psychosis. This hypothesis was further supported by studies using the radioligand [ 18 F]fluoro-3,4-dihydroxyphenyl-Lalanine (FDOPA), which is absorbed by dopaminergic neurons and metabolized into dopamine and subsequently stored in the presynaptic terminal. Studies with this radioligand suggested increased striatal dopamine synthesis capacity in unmedicated schizophrenia patients [8] [9] [10] ; a recent study by Kumakura et al 11 used a refined technology that takes into account that presynaptical dopamine is not simply trapped but instead released into the extracellular space in association with neuronal activation. This study found considerable differences in dopamine storage capacity between schizophrenia patients and healthy controls in the striatum and other limbic areas, such as the amygdala. However, such studies point to increased presynaptic dopamine storage and do not necessarily address whether dopamine is definitely released in higher amounts in vivo in unmedicated schizophrenia patients. A landmark study directly addressing this question was published by AbiDargham and colleagues, 12 who again used the fact that dopamine D2 receptor radioligands are displaced by endogenous dopamine. The groups of Abi-Dargham and Laruelle depleted dopamine by applying the drug alphamethyl-paratyrosine, thus reducing extracellular dopamine levels, and observed a larger increase (higher level) in dopamine D2 receptor radioligand binding (of unoccupied D2 receptors) in schizophrenia patients compared with healthy controls (figure 3). These findings suggest that extracellular dopamine levels are indeed increased by about 10%-20% in the striatum of unmedicated schizophrenia patients and that this increase is associated with the severity of positive symptoms. 12 However, how could striatal dopamine induce complex positive symptoms such as delusions, acoustic hallucinations, or phenomena such as thought insertion?
The Incentive Salience Hypothesis: Created Within an Addiction Model and Transferred into Schizophrenia Research Dopamine dysfunction has also been suggested to play a prominent role in addictive disorders, particularly because it is known that all drugs of abuse induce dopamine release in the ventral striatum, which is thought to reinforce behaviors that elicited dopamine release. 14, 15 Originally, it was suggested that dopamine release is directly rewarding and associated with hedonic feelings of pleasure, whereas blockade of dopamine D2 receptors by neuroleptics could induce anhedonia. 16 However, further animal research suggested that dopamine release is not directly rewarding but instead reflects an error of reward prediction: According to this hypothesis, dopamine is released whenever an incoming reward exceeds the predicted reward and the positive difference between received and predicted reward is reflected in dopamine firing. 17 Likewise, dopamine firing is reduced whenever the outcome is worse than expected. 17 Conditioned cues that indicate upcoming reward at a certain time point following their appearance acquires the same ability to elicit a short phasic increase in dopamine firing because again their appearance is unpredicted and exceeds the individuals expectation, whereas a reward that arrives exactly as predicted by the previous conditioned cue will no longer elicit dopamine release because the difference between the incoming and the expected reward is zero ( figure 4) . 17 This latter finding was a cornerstone of the hypothesis that the hedonic pleasure is associated with the consumption of a predicted reward independent of dopamine. Instead, Robinson and Berridge 18 suggested that a phasic increase in dopamine reflects a prediction error and is associated with the attribution of ''incentive salience'' to conditioned cues that predict reward; the individual will thus be motivated to search for this reward. This hypothesis was applied by our group and others [19] [20] [21] [22] for schizophrenic psychosis, and it was hypothesized that increased chaotic or stress-associated firing of dopaminergic afferents to the striatum of schizophrenia patients attributes increased incentive salience to otherwise irrelevant stimuli. This overattribution of meaning to otherwise irrelevant cues can play a prominent role in early stages of psychosis, particularly when patients develop a delusional mood 23 and feel that the world is full of signs that point to a yet unrevealed secret. Related ideas were suggested by Miller, 
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who stated that aberrant learning mechanisms play a prominent role in the development of positive symptoms, and by Maher, 25 who conceptualized delusional thinking as a consequence of aberrant perceptions due to altered gating of sensory inputs. Particularly, the latter theory fits well with the model proposed here because it was suggested that in the basal ganglia, dopamine plays a decisive role in gating information to the prefrontal cortex (PFC). 26 Altogether, these hypotheses suggest that dopamine dysfunction may be particularly prominent during the early stages of schizophrenia before delusional mood is transformed into fixed and rigid patterns of delusional explanatory models; the model implicitly rests on the assumption that dopamine firing can be increased by environmental stress. 19, 20 How plausible is this idea?
Stress-Induced Dopamine Firing: Animal Findings and Human Observations
In a series of studies in nonhuman primates, Nader and colleagues observed that dopaminergic neurotransmission is indeed affected by social stress factors, such as the presence of dominant competitors or social isolation. 27, 28 Nonhuman primates in dominant positions showed more dopamine D2 receptor availability than primates in subordinate positions, particularly in males, and the authors suggested that these differences in dopamine D2 receptor availability reflect a low dopamine turnover in the dominant monkeys and an increased dopamine turnover (with increased competition for D2 receptor binding and hence lower dopamine D2 radioligand binding in the striatum; see figures 1 and 2) among subordinate and high-stressed monkeys. 27, 28 These observations fit well with older accounts of stress effects on in vivo dopamine release in the ventral and dorsal striatum and in the PFC. 29 Thus far, direct evidence for altered dopamine release in the PFC of patients suffering from schizophrenia is lacking; however, one study observed that dopamine D1 receptors were upregulated in the dorsolateral PFC of unmedicated schizophrenia patients, 30 which may be due to a deficit in (tonic) prefrontal dopamine release. 31 Because dopamine D1 receptors in the PFC are thought to stabilize neuronal network representations, 32 a lack of overall dopamine input in this brain area may contribute to a dysfunction of the prefrontal neuronal correlates of working memory and other executive functions, and such impairments have regularly been observed in schizophrenia patients. 20, [33] [34] [35] It is possible that altered PFC activation during working memory tasks as observed in functional imaging studies 30, 34 reflects a dysfunction of dopamine-glutamate interactions, eg, via effects of dopamine D1/5 receptors on the N-methyl-D-aspartic acid (NMDA)-mediated component of excitatory postsynaptic currents of glutamate receptors 36 or on local GABAergic (c-aminobutyric acid) interneurons. 37 Such dopamine-glutamate dysfunction in the PFC can interfere with prefrontal-striatal circuits, particularly with glutamatergic projections from the PFC to the ventral tegmental area (VTA) (figure 5). 39, 40 If this results in reduced glutamatergic input to the VTA, it can further impair overall prefrontal dopamine release. 39 Due to differential effects of glutamatergic projection inputs on GABAergic interneurons in the brainstem, the same reduction of glutamatergic input from the PFC can additionally result in increased dopamine release in the ventral and potentially associative (central) striatum (figure 5). 41 Indeed, one imaging study observed that reduced prefrontal brain activation during a working memory task was associated with increased striatal dopamine synthesis capacity. 42 However, dysfunctional prefrontal activation during a working memory task can of course be associated with a variety of neurotransmitter aberrations and does not necessarily indicate a specific dopamine or glutamate deficit. [43] [44] [45] Nonhuman primate studies suggested that a reduction of prefrontal control of subcortical dopamine release does not necessarily have its origin solely in the PFC. Instead, an early neonatal developmental lesion of the temporallimbic cortex was associated with reduced prefrontal control of subcortical dopamine release, particularly Upper part: When no reward is expected, it comes as a surprise and hence the difference between the received and the expected reward (arbitrarily set at 1) is positive, which according to Schultz and coworkers 17 is reflected in an increase in dopamine firing. Middle part: A conditioned stimulus that reliably predicts that reward is attributed with incentive salience; whenever it appears unexpectedly, it elicits a phasic dopamine response due to a positive difference between the received and the expected value of the cue. Arrival of the reward itself, on the other hand, does not elicit dopamine firing as long as this reward is fully predicted by the preceding salient stimulus (because the reward received is exactly the same as the expected reward). 17 Lower part: When the expected reward fails to be received, the difference between the received and the expected reward is negative, reflected in a phasic decrease of dopamine firing.
when primates were medicated with ketamine, an agent that blocks glutamatergic neurotransmission via NMDA receptors. In a study comparing the effect of neonatal vs adult lesions of the temporal-limbic cortex in rhesus monkeys with a group of healthy, age-matched nonhuman primates, only those with neonatal lesions of the temporolimbic cortex showed an increased striatal dopamine release after ketamine application. 7 An increase in striatal dopamine release was also observed in healthy human volunteers after ketamine application: The subsequent administration of amphetamine induced a similar increase in striatal dopamine, as found in schizophrenia patients without ketamine application, supporting the hypothesis that schizophrenia patients suffer from a glutamate deficit that affects the function of NMDA receptors. 38 Altogether, these studies support the hypothesis that social stress factors increase dopamine release and suggest that developmentally specific disruptions of frontocortical-striatal-thalamic networks may play a role in increasing the vulnerability of individual subjects toward such stress effects. 20 Increased Striatal Dopamine Release: Interference with Salience Attribution?
If dopamine release is increased in schizophrenia patients, particularly during early psychotic stages, can this indeed interfere with salience attribution to stimuli that predict reward? A series of studies tried to directly assess this hypothesis (see table 1 ). Knutson et al 54 showed that in healthy volunteers, presentation of a salient stimulus that has reliably been shown to predict reward 1) increases the speed of the motor response to obtain the reward (compared with a neutral stimulus) and 2) evokes a phasic activation of the ventral striatum (figure 6). Of course, a phasic activation of the ventral striatum measured with the BOLD response using functional magnetic resonance imaging (fMRI) appears on a much larger time scale (around 10 s) compared with the phasic increase in dopamine firing suggested by Schultz et al, which ranges in the milliseconds scale. Therefore, fMRI cannot directly assess alterations in phasic dopamine firing but rather measures changes in neuronal network activation, which may reflect a briefer dopaminergic input. Indeed, the application of dopamine D1/D2 receptor agonists has been shown to affect the BOLD response in fMRI. 55, 56 If the hypothesis is correct, which suggests that schizophrenia patients show a chaotic or stress-induced increase in dopaminergic activation, how could this interfere with functional activation elicited by reward-predicting cues? Knutson et al 57 directly addressed this question when they applied psychostimulants to healthy volunteers; the resulting massive increase in striatal dopamine was associated with a ''reduced'' BOLD response following the presentation of rewardpredicting cues. This finding suggests that a strong increase in dopamine release following psychostimulants, which last over a considerable amount of time, may ''drown out'' the phasic increase in dopamine elicited by reward-predicting cues. If this interpretation is correct, then unmedicated schizophrenia patients with increased striatal dopamine release should also show : Dysfunction of the interaction between excitatory glutamatergic and inhibitory GABAergic (c-aminobutyric acid) neurotransmission in cortical brain areas can disinhibit subcortical dopamine release, as suggested by studies using ketamine to block glutamatergic neurotransmission via NMDA receptors in humans and nonhuman primates. 1, 7, 38 Right panel (B): Brain imaging studies suggest that in schizophrenia, low dopamine release in the prefrontal cortex (PFC) results in an upregulation of dopamine D1 receptors, 12 which can destabilize information processing and interfere with a glutamatergic projection to midbrain dopamine neurons. According to Sesack and Carr, 39 these glutamatergic projections can directly stimulate prefrontal dopamine release but inhibit midbrain dopamine neurons projecting to the striatum (via GABAergic interneurons). Dysfunctional glutamatergic input from the PFC can thus (further) impair prefrontal dopamine release while at the same time disinhibiting striatal dopaminergic neurotransmission. Glutamatergic projections are depicted in green and GABAergic in red; reduced neurotransmission is indicated by shaded and dotted lines. a blunted, ie, reduced brain activation following the presentation of salient reward-predicting stimuli ( figure 7 ). This hypothesis was tested in a study by Juckel et al, 46 who showed that brain activation following reward-predicting stimuli is reduced in unmedicated schizophrenia patients and that the reduction in brain activation is directly associated with motivational dysfunction and other negative symptoms. On the other hand, a high degree of dopamine D2 receptor blockage, which follows relatively high doses of first-generation (typically) neuroleptics, was also associated with a lack of activation of the ventral striatum during the presentation of reward-predicting stimuli, 47 whereas switching to a lower dose of second-generation (atypical) neuroleptics to some degree restored activation of the ventral striatum following reward-predicting cues. 51 For the first time, these studies showed that a potential correlate of salience attribution to reward-predicting cues, cue-induced functional activation of the ventral striatum, is indeed reduced in unmedicated schizophrenia patients and that a similar dysfunction can be induced by higher doses of antipsychotic drugs that block dopamine D2 receptors. This observation is in accordance with previous studies, which showed that the degree of dopamine D2 receptor blocked in the striatum is directly correlated both with psychomotor slowing and with the negative symptom ''apathy,'' reflecting a motivational deficit associated with dysfunction of striatal dopaminergic neurotransmission. 59 However, the process of learning, which occurred before previously neutral cues are attributed with incentive salience in the above-mentioned studies, occurred ''before'' subjects entered the scanner. They were trained for about 15 min and learned that an abstract cue, such as a circle, for the rest of the task will represent a conditioned stimulus that predicts reward. 46, 47, 51 These studies suggest that dopamine dysfunction interferes with learning of reward-predicting stimuli; however, to directly prove learning dysfunctions in schizophrenic psychosis, the learning process itself should be assessed during the imaging session.
A series of studies went further in elucidating the neuronal correlates of learning dysfunction in schizophrenia. These studies directly addressed the prediction error that occurs when a reward or punishment does not arrive as anticipated. In a classical Pavlovian conditioning task with aversive and neutral events, Jensen et al 48 showed that cues, which were not followed by the expected aversive outcome, elicited a significant activation of the right ventral striatum, the middle cingulate and right PFC, the right hippocampus, and the thalamus in healthy controls; Higher activation during anticipation of larger amounts of monetary gain resp. loss avoidance: Parameter estimates for the different cues indicating different amounts of loss avoidance and reward or no monetary consequences (À3.0e, À0.6e, À0.1e, 60e, þ0.6e, þ3.0e, þ0.1e): Cues that indicate higher gain or higher loss-avoidance trials elicited stronger activation compared with lower amounts of money (parameter estimates from the peak voxel of the right ventral striatum at x 5 15, y 5 6, z 5 À9, t 5 7.57). Right panel lower part: Cues that predict higher gains or the possibility to avoid higher losses elicited faster reaction times than cues predicting lower gains (respectably loss avoidance) with the lowest reaction times following neutral cues. This indicated that these stimuli actually represent an incentive to adjust goal-directed behavior according to the predicted gain or loss avoidance. this pattern of activation was not found in schizophrenia patients. Instead, schizophrenia patients showed a stronger response to neutral stimuli, which may reflect aberrant attribution of motivational salience to these neutral stimuli. A similar finding was reported by Corlett et al, 50 who also observed a diminished difference in brain activation in the right lateral PFC between unexpected vs predictable events. A study of Walter et al 52 pointed in a similar direction and observed that healthy controls, but not medicated schizophrenia patients, showed increased anterior cingulate cortex (ACC) activation with increasing reward anticipation. During reward feedback, schizophrenia patients failed to display a higher activation in the right ventrolateral PFC with increased salience.
Again, the blunted difference between relevant and irrelevant stimuli and outcomes may reflect chaotic attribution of salience to otherwise irrelevant cues, an interpretation that is in accordance with the idea that chaotic or stress-induced dopamine firing can interfere with salience attribution in schizophrenia. [19] [20] [21] [22] Finally, Murray et al 49 used an instrumental reward conditioning task and observed that schizophrenia patients showed faster reaction times in neutral trials compared with healthy controls, which again potentially reflects increased salience attribution to irrelevant stimuli. Schizophrenia patients also showed reduced brain activation in the ventral striatum and midbrain for reward-associated prediction errors compared with neutral prediction errors. However, these latter studies [48] [49] [50] only included medicated patients or a combination of medicated and unmedicated patients. Given the fact that neuroleptic medication directly interferes with dopamine D2 receptor functioning, altered brain activation, following an error of reward prediction, may in part be due to direct medication effects on dopamine-mediated neuronal activation. One recent study observed reward feedback alteration in ''unmedicated'' schizophrenia patients and supported the hypothesis that a blunted difference in neuronal responses to relevant vs irrelevant events contributes to delusion formation. 53 In this study, responses to rewards and punishments were compared and it was observed that neuronal responses to successful vs unsuccessful avoidance of loss were blunted in the ventral striatum of unmedicated schizophrenia patients compared with healthy controls. 53 Interestingly, functional responses to negative outcomes in reward trials, ie, when the omission of an expected reward occurred, were increased in the medial PFC of patients with schizophrenia. If independently confirmed, this observation suggests that neuronal responses to negative outcomes are exaggerated in unmedicated schizophrenia patients and that these responses may bias the individuals to focus on aversive outcomes rather than on the successful avoidance of such events. Patients may thus be inclined to look at the negative side of events, and this may increase their propensity to distrusttheirenvironmentandto attributenegative intentions to others. Indeed, Schlagenhauf et al 53 observed that an increased severity of delusion among schizophrenia patients was associated with a decrease in medial PFC activation elicited by successful vs unsuccessful avoidance of loss. This observation suggests that positive symptoms, such as delusion formation, can result from altered representations of an individual's ability to successfully avoid aversive outcomes: If the neuronal activation associated with such a successful avoidance of negative outcomes is impaired, subjects may feel more helpless and under the control of a threatening environment.
Thus far, these studies did not directly use reinforcement learning algorithms during learning task with changing reward contingencies to model learning rates and trial-by-trial prediction errors in unmedicated schizophrenia patients. In addressing this issue, we : During each trial, a cue indicated potential reward, loss avoidance, or a neutral trial. After cue presentation, volunteers waited a variable interval (fixation cross) and then responded to a white target square with a button press. To succeed in a given trial, volunteers had to press the button while the target was visible. Chance of winning was 66% due to an individual adjustment to response performance. After target presentation, feedback appeared, notifying volunteers whether they had successfully won or avoided losing money. Lower part: Firing rate of dopaminergic midbrain neurons according to Schultz et al. 17 A phasic dopamine firing increase occurs during presentation of reward-indicating stimuli once learning has taken place (left panel), which corresponds to the anticipation phase of the Monetary Incentive Delay (MID) task. No increase is observed after the delivery of fully predicted (expected) reward, which corresponds to the feedback phase of the MID task (right panel). Chaotic firing due to the hyperdopaminergic state in unmedicated schizophrenia patients indicated by the red arrows may lead to increased ''noise'' and ''drown out'' the neuronal response measured with functional magnetic resonance imaging following the reward-indicating cue.
recently found evidence that both learning rates and success are reduced in schizophrenia patients, which was reflected in brain activations elicited by these psychometric indices. 60 One recent fMRI study showed that during a reward-based decision-making task, the dorsal and ventral striatum were differentially connected to different midbrain regions (possibly corresponding to the substantia nigra [SN] and the VTA, respectively). However, only individual differences in the strength of the functional connectivity between the dorsal striatum and the (putative) SN predicted the impact of different reinforcement types on individual learning rates. 61 Because dopaminergic neurons arising from the VTA and the SN directly innervate the ventral and dorsal striatum, it will be interesting to examine whether functional connectivity between these brain areas is impaired in schizophrenia patients and whether this impairment contributes to learning dysfunctions. Comparison between brain activation of the dorsal and ventral striatum appears even more warranted because the group of Abi-Dargham and Laruelle recently reported that increased dopamine turnover in schizophrenia may not be most prominent in the ventral but rather in the central or associate striatum. 62 The ventral, central, and dorsal striatum receive projections from cortical areas, which are organized in a topographical distinct as well as an overlapping manner 63 from dopaminergic neurons in the midbrain and further subcortical regions. [64] [65] [66] Specifically, the amygdala, hippocampus, orbitofrontal, and medial prefrontal cortices including the ACC send inputs to the ventral striatum, 67 whereas the central (associative) striatum receives input from the dorsal ACC and dorsolateral PFC and the dorsal striatum is innervated by (pre-)motor cortical areas. 40, 41, 67 Multimodal imaging studies also showed that dopamine synthesis in the ventral vs dorsal striatum correlated with functional processing of affective stimuli in the ACC vs dorsolateral PFC. 68, 69 It has been suggested that the ventral striatum is activated by novel cues, as well as during the acquisition of reward contingencies, whereas the associative and dorsal striatum is implicated in habit formation, eg, an automatic elicitation of responses that become increasingly independent from reward feedback. 15, 70 If indeed dopamine dysfunction in schizophrenia is stronger in (central) striatal regions associated with habit formation, delusions may not result only from impaired neuronal representation of reward and punishment feedback but also from a breakdown of automatic responses. In his famous theoretic account of schizophrenia, Blankenburg 71 suggested that schizophrenia is characterized by a breakdown of implicit responses in well-known everyday situations, which in healthy subjects do not require thoughtful considerations (''Der Verlust der natü rlichen Selbstverständlichkeit''). Therefore, it would be very interesting to simultaneously assess dopamine dysfunction with PET and functional brain activation (with fMRI) to test whether dopamine dysfunctions in the ventral, central, or more dorsal striatum are indeed associated with differential impairments in the acquisition of conditioned responses and the execution of habits.
Summary and Outlook
Altogether, a series of studies demonstrated a dysfunction of dopaminergic neurotransmission in the striatum of schizophrenia patients. The studies also suggest that functional activation potentially associated with striatal dopaminergic signaling, such as the attribution of salience to reward-predicting stimuli and the computation of prediction errors, 17, 18, 72 is indeed impaired in schizophrenia patients and that this impairment may contribute to delusion formation. 20, 21 However, direct proof is lacking for the role of dopamine in these functional impairments. Also, the exact location of dopamine dysfunction within the striatum remains to be addressed. Electrophysiological studies have shown that dopamine plays a key role in regulating cortico-striatal synaptic plasticity via both long-term potentiation and depression within the striatal microcircuits. 73, 74 Dopamine acts on D1 and D2 receptors, which are located on distinct populations of medium spiny interneurons in the striatum; together with other neurotransmitters like glutamate, adenosine, and endocannabinoid, dopamine engenders bidirectional effects (ie, both long-term depression and potentiation) and thus influences Hebbian synaptic plasticity. It was suggested that in hyperdopaminergic states like schizophrenia, alterations of this bidirectional mechanism may lead to the formation of inappropriate associations in these microcircuits. 73 Indeed, Robinson and Kolb 75 observed that dopamine stimulation of medium spiny neurons in the striatum results in structural changes in striatal GABAergic interneurons, which can induce long-lasting alterations in habitual behavior. It remains to be tested whether dopamine dysfunction in the associative (central) striatum is indeed associated with a breakdown of automatic responses and thus contributes to behavioral disorganization in schizophrenia. Affectively, schizophrenic delusions are often characterized by anxiety and other negative mood states, resulting in delusions of prosecution rather than grandiosity. Therefore, further brain areas innervated by dopamine such as the amygdala and the PFC appear highly relevant for the formation of delusions. 50, 53, 76 Indeed, altered dopamine storage capacity in the amygdala of schizophrenia patients has recently been reported. 11 Further studies need to elucidate whether dopamine dysfunction in different brain areas (eg, the striatum, PFC, and amygdala) is associated with distinguishable aspects of delusion formation, eg, whether the ventral striatum is generally implicated in errors of salience attribution and the PFC in delusion formation (eg, due to misrepresentation of successful avoidance of aversive outcomes 53 and the amygdala in anxiety and other negative mood states associated with delusions of persecution). Also, it is not clear whether the model suggested here for schizophrenic psychosis can also be applied to delusion formation associated with other psychotic disorders (eg, mania) as may be suggested by the work of Corlett et al 50 who included patients with schizoaffective disorders in their studies.
Finally, computational models of human rewardbased learning have successfully been applied in healthy volunteers 77, 78 and can easily be combined with PET studies of dopaminergic neurotransmission, eg, in the ventral and dorsal striatum and the amygdala. Such studies will not only help to elucidate the neurobiological correlates of psychotic behavior but also caution against high blockade of dopamine receptors due to high doses of neuroleptic medication because the resulting striatal dopamine dysfunction can further impair reward expectation and reward-based learning. These studies thus emphasize the need for individually adjusted neuroleptic doses and for new therapeutic approaches that do not severely interfere with dopamine functioning.
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